Eight X-linked recombination-defective meiotic mutants (representing five loci) and 12 X-linked mutagen-sensitive mutants (representing seven loci) of Drosophila melanogaster have been examined cytologically in neuroblast metaphases for their effects on the frequencies and types of spontaneous chromosome aberrations. Twelve mutants, representing five loci, significantly increase the frequency of chromosomal aberrations. The mutants at these five loci, however, differ markedly both in the types of aberrations produced and the localization of their effects along the chromosome. According to these criteria, the mutants can be assigned to four groups: (i) mutants producing almost exclusively chromatid breaks in oth euchromatin and heterochromatin; (ii) mutants producing chromatid and isochromatid breaks in both euchromatin and heterochromatin; (iii) mutants producing chromatid and isochromatid breaks primarily in euchromatin; and (iv) mutants producing chromatid and isochromatid breaks clustered in the heterochromatin.
The molecular mechanisms of chromosome breakage and rejoining and their relationships with known DNA repair processes are poorly understood. One approach to gaining insights into these mechanisms is genetic dissection by mutants affecting different aspects of DNA metabolism. Such mutants can be recognized because they may directly cause chromosome instability, affect DNA repair processes, be hypersensitive to mutagens, or produce disturbances in DNA replication and recombination.
Considerable progress by this approach has been achieved with several rare inherited human diseases that exhibit defects in DNA repair or mitotic chromosome stability or both and cause a predisposition to neoplasia. Cytological studies in Bloom syndrome, Fanconi anemia, and ataxia telangiectasia show that these conditions produce different chromosomal effects (1) . A comparison of Fanconi anemia with Bloom syndrome, for example, shows that they cause different types of interchromosomal exchanges (2, 3) . In Bloom syndrome the vast majority of exchanges are of the symmetrical type, involving homologous chromosomes. In Fanconi anemia, on the other hand, exchanges of both symmetrical and asymmetrical types preferentially involve nonhomologous chromosomes. In addition, Bloom syndrome, but not Fanconi anemia, exhibits a strikingly high frequency of sister-chromatid exchange (4, 5) . The existence of characteristic cytological phenotypes associated with specific genetic defects makes these studies promising not only as an aid to understanding the mechanisms of formation of chromosome aberrations, but also for inferring the role of wild-type alleles at these loci in DNA metabolism.
Genetic defects in human beings, once encountered, can be studied cytologically in cultured cells, but limiting factors in these studies are the low incidence with which new genes are discovered and restrictions to their genetic manipulation. Drosophila melanogaster, on the contrary, does not present such limitations because: (i) in the past few years a large number of mutants have been discovered that affect somatic DNA metabolism and often cause chromosomal instability (6-16); (ii) the easy genetic manipulation of this organism permits the collection of additional mutants and the study of the interaction among mutants by construction of multiply mutant genomes; and (iii) the cytology of larval neuroblasts permits accurate scoring of both chromosome aberrations (17, 18) and sisterchromatid exchanges (19) . Drosophila has the further advantage that the chromosomal effects of mutants can be compared with those on both meiotic and mitotic recombination.
I have therefore undertaken a systematic dissection, by mutant analysis, of the mechanisms of chromosome breakage and rejoining in Drosophila. In the present investigation, 8 X-linked recombination-defective meiotic mutants (representing five loci) and 12 X-linked mutagen-sensitive mutants (representing seven loci) have been examined for their effects on frequencies and types of spontaneous chromosome aberrations in larval neuroblasts. Twelve mutants representing five loci significantly increase the frequency of chromosome breaks. In addition, the analysis of the patterns of chromosomal aberrations permits the assignment of the mutants to four classes according to cytological phenotype.
MATERIALS AND METHODS
The mutants examined were mei-218, mei-251, mei-352, mei-41, mei-41195, mei-9, mei-9b, mei-9ATi, mus-101 Dl, mus-lOlD2, mus-102A1, mus-1o02DI), mus-103DI, mus-104D , mus-105A1, mus-105D1, mus-106DI, mus-109AI, mus-109DI, and mus-109D2. Table 1 gives the main characteristics of the strongest allele at each locus.t
To obtain ganglia for examination of mitotic metaphases I crossed heterozygous females carrying the mutant balanced over the multiply inverted FM7 (20) chromosome with mutant males. Neural ganglia of third instar larvae from these crosses were incubated for 2 hr in saline (0.7% NaCl) containing 10,M colchicine. They were then fixed and squashed in acetic orcein by our usual procedure (18) . The ganglia from the four types of offspring (e.g., mutant/mutant and mutant/FM7 females and mutant/Y and FM7/Y males) were easily recognized because the multiply inverted FM7 chromosome is cytologically distinguishable from a normal X. For each mutant, 500 female
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Proc. Natl. Acad. Sc4. USA 76 (1979) and 500 male metaphases were initially scored. If, after this scoring, the mutant exhibited a frequency of chromosomal aberrations significantly higher than control, more cells were scored in order to get a clearer cytological picture of the mutant's effect. In such cases, 500 metaphases of heterozygous mutant/FM7 females were also scored. Fig. 1 shows examples of chromosomal aberrations found in neuroblast metaphases of mutant larvae. The frequencies and the types of aberrations found in mutant and in control (Oregon-R and homozygous FM7 stocks) cells are shown in Table  2 . Mutants at the mei-9, mei-41, mus-102, mus-105, and mus-109 loci exhibit frequencies of aberrations higher than controls. These effects are recessive because aberrations occur at control rates in heterozygous mutant/FM7 females.
RESULTS
In all the mutants, only chromatid and isochromatid breaks have been observed, there being almost no chromatid or chromosome exchanges. Only isochromatid breaks showing acentric fragments have been included in Table 2 . In fact, very few metaphases were found with isochromatid breaks without the corresponding fragments. Since at anaphase the acentric fragments are either eliminated or included at random in one of the daughter cells, the vast majority of isochromatid deletions scored in mutant metaphases must have been formed during the same division cycle in which they were scored and not in previous cycles. Although chromatid and isochromatid breaks are the primary aberrations produced by all the mutants, the relative proportions of these two events differ markedly among mutants (Table 2 ). In mutant alleles of mei-41, mus-102, mus-105, and mus-109 a third to a half of all the breaks are isochromatid deletions, whereas in mutant alleles of mei-9 most breaks are chromatid deletions. The similar effects of all alleles indicate that the particular pattern of breaks evoked by a mutant is locus specific.
These mutants also differ in the distribution of breaks in the w y t The former designations of mus-109Dl and mus-109D2 were mus-107D1 and mus-107D2, respectively (10, 11, 15) . During this study I realized that they produce the same pattern of chromosomal aberrations as mus-109Al (see Results). Thus I examined mus-107DI/mus-109Al females and found the parental pattern of aberrations (500 metaphases showed 26 isochromatid deletions, 12 chromatid deletions, and 1 interchromosomal exchange; 76% of these aberrations were localized in the heterochromatin). In addition, it has been reported that mus-109Al and mus-107Dl complement weakly for methyl methanesulfonate sensitivity (11) , and neither mus-107Dl nor mus-107D2, which are themselves female sterile, complements mus-109 for female sterility (J. The former designation of mei-9ATl was mus-11OAl (14) . However, since mus-l1OAl produces the same pattern of aberrations as mei-9 (present results), reduces recombination with the same pattern as mei-9, does not complement mei-9 for either nondisjunction in genome. Although breaks appear to be randomly distributed among chromosomes in all mutants, the distributions of breaks along chromosome arms differ markedly (Table 3 ). In mei-9, mei-41, and mus-102, approximately half of the breaks are heterochromatic and half euchromatic. The same distribution is observed for x-ray-induced breaks in wild type (18) . In mus-109, on the other hand, most breaks (-80%) are in the heterochromatin, while in mus-105 most breaks (t8O%) are euchromatic. Alleles show the same distributions of breaks, and thus these effects are also locus, and not allele, characteristics.
One fact, however, should be pointed out about heterochromatic breaks. In all mutants examined, about 80% of the breaks assigned to the heterochromatin of autosomes and X chromosomes are localized distally in the heterochromatin and may very well involve the junction between euchromatin and heterochromatin (see Fig. 1 ). An additional criterion by which mutants at these loci can be distinguished is with respect to the relative frequencies of aberrations in the two sexes ( Table 2 ). In mutants at the mei-9, mei-41, mus-102, and mus-105 loci, aberrations are 1.4-1.6 times more frequent in females than in males. However, in mutants at the mus-109 locus, the frequency of aberrations is the same in the two sexes.
According to the above parameters, it is possible to group these mutants into four different classes: (i) mutants producing almost exclusively chromatid breaks in both euchromatin and heterochromatin (mei-9); (ii) mutants producing chromatid and isochromatid breaks in both euchromatin and hetero- chromatin (mei-41 and mus-102); (iii) mutants producing chromatid and isochromatid breaks localized preferentially in euchromatin (mus-105); and (iv) mutants producing chromatid and isochromatid breaks clustered in the heterochromatin (mus-109). In addition, the first three classes of mutants show a higher frequency of aberrations in females than in males, whereas the fourth does not. DISCUSSION The present data clearly show that all mutant alleles at the mei-9, mei-41, mus-102, mus-105, and mus-109 loci produce substantial increases in the frequency of spontaneous chromosome aberrations. Baker et al. (10, 16) have inferred from the analysis of somatic spots in mutant flies that mutations at the mei-9 and mei-41 loci affect somatic chromosome stability.
The present data fully support this inference. They also agree well with the data of B. S. Baker and D. A. Smith (34) on the incidence of somatic spots in mutagen-sensitive mutants. Although the relative increases in the frequencies of somatic spots and chromosome aberrations caused by the various mutants are comparable, the absolute frequencies differ markedly; the frequencies of cells with chromosome aberrations are two orders of magnitude higher than those of marked clones in cuticular tissues. This observation, together with the extremely low frequencies of cells with isochromatid deletions that lack acentric fragments, strongly suggest that cells with broken chromosomes divide very poorly.
The most straightforward interpretation of these results is that the gene products of the loci (mei-9+, mei-41 +, mus-102+, mus-105 +, and mus-109 + ) that do affect chromosome stability function in the removal of spontaneous chromosomal lesions. Such lesions could be either spontaneous damage or normal intermediates in various aspects of DNA metabolism. Mutations defective in these functions would leave unrepaired lesions in chromosomal DNA which could lead to chromosome. breakage.
Mutants at mei-218, mei-251, mei-352, mus-101, mus-103, mus-104, and mus-106 show the same levels of chromosomal aberrations as control stocks. Therefore, they may either define loci that do not specify functions required for the integrity of nonmutagenized somatic chromosomes or they might be very leaky alleles at loci involved in these functions.
It has been shown that mutations at mei-9 reduce both repair replication and the rate of thymidine-dimer excision (12) . The excision-deficient forms of xeroderma pigmentosum in human beings affect similar functions (21) . However, in xeroderma pigmentosum cells, unlike mei-9 neuroblasts, no increase in the frequency of spontaneous chromosome aberrations is found (22) . Another characteristic of mutants at the mei-9 locus that distinguishes them from excision-defective xeroderma pigmentosum mutants is their extreme sensitivity to methyl methanesulfonate and ionizing radiation (10, 12, 16) . Furthermore mei-9 mutants show a drastic reduction in meiotic recombination (6), whereas individuals with xeroderma pigmentosum are probably not deficient in this function since they exhibit normal numbers of chiasmata in primary spermatocytes (23) . It appears therefore that mei-9 + specifies a function different from those defective in patients with xeroderma pigmentosum.
Spontaneous chromosome aberrations have not been observed in xeroderma pigmentosum variant cell lines defective in postreplication repair (24) . Interestingly, these cells are probably defective in a caffeine-insensitive postreplication pathway (25) as are cells carrying mus-104. This analogy suggests that in both Drosophila and human beings the postreplication repair caffeine-insensitive pathway is not involved in maintaining the integrity of nonmutagenized chromosomes.
Types of Aberrations Produced. More than 99% of the aberrations scored in the mutants examined were chromatid and isochromatid deletions, there being almost no chromosome exchanges. However, studies on x-ray-induced chromosome aberrations in wild type have shown that in male neuroblasts irradiated with 312 R (1 R = 2.58 X o-4 C/kg), only 0.2% of exchanges were present when the frequency of breaks (chromatid plus isochromatid) was 12% (17) . If these mutants were producing exchanges and chromosome breaks in the same relative proportions that they are induced by x-rays, the number of exchanges expected in our samples would be quite low. Thus, the low frequencies of exchanges observed in the various mutants do not permit us to conclude that they are defective in chromosome rejoining.
Although chromosome breakage is the primary effect produced by all these mutants, mutants at different loci differ markedly from one another in the types of breaks that they produce. The different proportions of chromatid compared to isochromatid deletions produced by these mutants are subject to several explanations. Isochromatid breaks could originate as such during S or G2 or could result from the replication of a chromosome break occurring in G1. Thus, one possible explanation for why isochromatid breaks are approximately as frequent as chromatid breaks in some mutants but much less frequent than chromatid breaks in other mutants is that these two classes of loci act during different parts of the cell cycle. If we assume that the primary effect of all the mutants is the production of breaks in the S-G2 chromatid or in the G1 chromosome, then mutations at loci that act throughout the cell cycle would produce both chromatid and isochromatid deletions, whereas loci whose action is restricted to S-G2 would produce only chromatid deletions. Alternatively, mutants in these two classes of loci could be defective during the same part of (or throughout) the cell cycle, but the lesions that are normal substrates of wild-type gene products have very different probabilities of giving rise to chromatid in contrast to isochromatid breaks. This latter explanation, which implies that chromatid and isochromatid deletions have different molecular steps in their mechanisms of formation, is supported by preliminary data on x-ray-induced aberrations in some mutants (unpublished data). The neuroblasts of mei-9 and mei-41 irradiated in the S phase with 225 R and scored in the subsequent metaphase show about 10 times more breaks than wild type. In mei-41, about half of these breaks are isochromatid, while in mei-9 most of the breaks are chromatid deletions. These data suggest that the lesions produced by the interaction of x-rays with the genetic defects in these mutants are similar to those which occur spontaneously and have indeed a different probability of yielding chromatid in contrast to isochromatid deletions.
Localization of Breaks. Another parameter for which the mutants are markedly different is the distribution of breaks within chromosomes. First, it should be noted that the regional distribution of breaks is not related to their type. In fact, in the mutant that produces almost exclusively chromatid deletions (mei-9), these breaks are localized with approximately the same frequency in euchromatin and heterochromatin. Among the mutants that produce chromatid and isochromatid deletions, 80% of both classes of breaks in mus-105 are in euchromatin, whereas in mus-109 80% are in heterochromatin. A second point that should be stressed is that in all the mutants about 80% of the breaks assigned to the heterochromatin seem to involve the euchromatic-heterochromatic junction. Thus, the differences among mutant loci in the regional distributions of breaks appear to be attributable to a different involvement of these loci in controlling the integrity of these particular chromosomal regions. The junctions between euchromatin and heterochro-matin in D. melanogaster are the preferential sites of x-ray-, methyl methanesulfonate-, and UV-induced breaks as well as of sister-chromatid exchanges (18, 19, 26, 27) . In some mammals sister-chromatid exchanges are preferentially localized in analogous regions (28, 29) . The present data indicate that continuity at euchromatic-heterochromatic junctions is under specific genetic control. Independent evidence that the integrity of different chromosomal regions is under separate genetic control comes from cytological studies in human inherited diseases that produce high frequencies of chromosome aberrations. In Fanconi's anemia, most breaks and exchanges are randomly localized along the chromosomes, whereas in Bloom's syndrome they are localized near the centromeric regions (2, 3, 30) .
Variation with Sex of Frequency of Aberrations. In all the mutants examined except mus-109, females have a higher frequency of chromosome aberrations than do males. Females also show a higher frequency of spontaneous as well as x-rayand methyl methanesulfonate-induced aberrations in wild type (17, 18, 27) and exhibit a higher level of sister-chromatid exchanges (19) . To explain these findings, it has been suggested that females differ from males in expressing in their somatic cells some of the enzymes involved in recombination. This, in agreement with the misrepair hypothesis for the origin of chromosome aberrations (31) , would permit a more efficient transformation of DNA lesions into both chromosomal aberrations and sister-chromatid exchanges (17, 19, 27) . A similar hypothesis can also explain the present data if we assume that in females these enzymes interact with the chromosomal lesions produced or not repaired by the mutations to give rise to more efficient production of chromosomal aberrations. Interestingly, only in mutants at mus-109 do the two sexes have the same frequency of chromosomal aberrations. Since about 80% of the aberrations produced by these mutants involve heterochromatin, these results might be related to the absence of meiotic recombination in Drosophila heterochromatin (32) .
Independently of the correctness of the above suggestion, the present data fully confirm (10, 16 ) that in D. melanogaster the same loci are used both in meiotic recombination and in maintaining the integrity of somatic chromosomes. Mutations at the mei-9 and mei-41 loci drastically reduce meiotic crossing-over and produce substantial increases in the frequencies of chromosome aberrations in neuroblast cells. This implies that the mechanisms of recombination and those of formation of chromosomal aberrations share at least some steps. The simplest interpretation of these results is that the same discontinuities in chromosomal structure are present in both mitotic and meiotic cells. If these discontinuities are not properly metabolized by mei-9 + and mei-41 +, they can interrupt the recombination processes in meiocytes or lead to chromosome breakage in mitotic cells.
